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SOME FACTORS AFFECTING COMBUSTION IN AN INTERNAL-COMBUSTION ENGINE

By A. M. ROTHROCK and MILDRED COHN

SUMMARY

An invedigaiion of the combmtion of gmoline, safety,
and diadfud.s w made in the N. A. C. A. condndon
appara4w8 under conditiom of temperature thai per-
mitted ignition by spark with dired fwl injeetiun, in
spite of the eornprd.on raiw of 1,2.7 employed. The in-
@.4n4x of such variabfev a8 injection advance angle,
jacket temperature, engine peed, and spark posiiion w
8tudi?d. l’he ?n.08tpro?wwnced e$.eciwa8 that an ?h?rea+?e
in the injection advance angle (beyond a certain minimum
due) cauwd a decrwe in tlw erieni and rate of com.bw-
tian. In almo8t aU caws, combustion improved wi$h
increa8ed temperature. For an increase in engine qgeed,
thi? rate of pre88ure rise incread and the time inierwl
in 88C071d8between injection and the 8park neca8ary to
e$ect ignition wae consia%rably shortened. Although d?
thr~ jud.s reacted in the 8ame mannm to thtxe variuble
conditions, the reactioru di$ered deeid.edly in exteni. The
re8ult8 8h0w that at low air temperatwm3 the rates of com-
budion vary with the volatility of the fuel, lnd that d
high temperature thix relationship does not& and the
rates depend to a greater extent on the chemical nature of
tlw fuel.

INTRODUCTION

The investigation of the mechrmism of combustion
in an internal-combustion enggne of either the spark-
ignition or compression-ignition type is complicated by
many factors. When burning Q fuel such as diesel
oil it is not known to what extent the reaction is a
homogeneous one; that is, to what extent the reaction
proceeds purely in the gaseous and vapor phase. A
liquid-gas reaction may take place at the interface.
There esists also the possibility of reaction at the sur-
face of the cylinder and combustion-chamber walls.
For the lower gaseous hydrocarbons it is known that
at temperatmw near the explosion temperature the
homogeneous reaction predominates. The complex
structure of the components in a fuel mixture allows
a grefit number of possible reactions to take place in
the engine. For the oxidation of pure methane, the
simplest of the hydrocarbons, 8 compounds have been
identied as products; whereas for ethane, the next
member of the series, no less than 13 compounds have
been identified. The difficulty of finding a suitable

mechanism for the oxidation process and of following
the course of the reaction is appreciated when tho
extreme rapidity of the reaction is considered in addi-
tion to the existence of the multiplicity of hydrocar-
bons in diesel fuel and gasoline, each molecule con-
taining many carbon atoms.

In a heterogeneous system, such as existsin the com-
bustion of a fuel introduced in the liquid form, the total
rate of the reaction is determined by the slowestprocess.
For the reaction in a spark-ignition engine, the slowest
process is, in general, the rate of flame propagation—
that k, the rata of heat transfer-to the unburnt gases
ahead of the flame front. In a compression-ignition
engine with its higher temperatures and pressures, the
slowest proeesa is the formation of a combustible mix-
ture, for the mixture auto-ignites independently of any
rate of flame propagation. The problem of producing
this combustible mixture is dependent upon several
factors: Injection-system eharacteristies, pressure and
temperature of the air in the combustion chamber, rate
of heat transfer from the hot air to the cold liquid,
rate of fuel vaporization, rate of vapor diilusionj the
time interval between the introduction of the fuel and
the start of the expletive reaction, and the sir-fuel
ratio.

For comparative results some of these factors, such
as the temperature and pressure of the air during the
mixture formation period and the time interval elapsing
between the introduction of the fuel and the beginning
of the burning, may be investigated with both spark
rmd compression ignition. The use of the N. A. C. A.
combustion apparatus permits a range of these vmi-
ables that would be destructive to an engine. By the
employment of an ignithg spark to initiate the ex-
plosive reaction, the time variable and the tempera-
ture and pressure conditions at the moment of ignition
may be controlled and the variation in the rate of
flame travel be decreased, although not entirely elimin-
ated. The characterkties of the apparatus that make
this mode of ignition possible wt high compression
ratios with fuels varying in volatility from gasoline to
diesel fuel will later be discussed in detail. The pres-
sure-time relationship throughout the entire cycle and
the flame propagation in certain parts of the combustion
chamber may be recorded by this apparatus.
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APPARATUSAND METHODS
The ~. A. C. A. combustion apparatus (&g. 1 and

2) consis~ of a single+inder test engine driven by an
electric motor, and equipped with a high-speed camera
and an optical indicator. The engine and the high-
speed cnmera are described in detail in references 1, 2,
and 3. The compression ratio of the engine during the
present tests wns 12.7. The fuel-injection mechanism
used with the engine is so designed that only one iujec-
tion of fuel takes place. A diagrammatic sketch of the

One had long electrodes so that the igniting spark
occurred near the center of the combustion chamber.
The second had short electrodes so that the igniting
spark occurred at one edge of the combustion chamber,
The third plug WQSso constructed that the spark gap
was one-sixteenth inch from the piston crown with the
piston at top center. The spark plugs were screwed
into the opening in the side of the cylinder head that
is marked in figure 1 “ alternati position for injection
valve.”
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FIGURE L—D@ramma Uo sketch of the N. A. O. A_ cnmbnstlon np~tns.

opticrd indicator, which has been described in reference
4, is given in figure 3.

The engine temperatures were varied by changing
the temperature of the glycerin circulated through the
passagesin the cylinder and cylinder head. The values
of engine temperature given in the data are the
temperatur~ of the glycerin as it left the engine. All
temperature=listed me within + 10° F.

The indicating spark described in reference 4 is
used as the igniting spark in the spark-ignition tests.
This spark is produced by the discharge of a 6-
microfarad condenser at 220 volts through am auto-
mobile ignition coil. Three spark plugs were used.

Figure 1 shows the engine with two glass windows
on each side of the combustion chamber, During
the present tests the windows were removed from the
side opposite the camera and the optical indicntor
installed. (See fig. 2.) Such an arrangement made
it possible to obtain simultaneously an indicator card
showing the pressures in the cylinder and a photo-
graph of the flame in the chamber. A metrd plate
with a j&inch horizontal slot was placed in front of
the window so that a record of flame travel across the
combustion chamber could be taken. The slot was
in line with the spark gap when it was either in the
center or at the edge of the chamber.
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For a teat, the engine was started and, when the The injection period was approximately 0.0025 second.
required speed had been obtained, the room w-as For the majority of tests the spark advance angle was
darkened and the camera shutter opened. At a set at 20° before top center.
given signal, one operator pumped the fuel-injection- Twts were made for the following conditions: In-
system reservoir up to the desired injection pressure. jection advance angle over the entire combustion
This oporation closed the hydraulically operated com- mmge; jacket temperature from 100° F. to 300° F. at
pression-release valve so that full compression prea- 50° intervals; and engine speeds of 570 and 1,550
sure existed in the combustion chamber every time r. p. m.

Fmm 2.-Photqaph of the N. A. O. A. wmbmtfon apmti

the piston reached the top of its stroke. The other
operator closed a switch lighting the instrument
lamp inside the optical indicator and pulled the lever,
causing one injection of fuel into the engine.

The fuel-injection nozzle used in all these teats had
five round orifices which spread the fuel @to a fan
shape; n cross-sectional view of the nozzle and photo-
graphs of the fuel sprays from this nozzle are given in
reference 3. The injection pressure was 4,7oo pounds
per square inch, and the injection valve was set b
open at a pressure of 4,100 pounds per square inch.

7104 I3-3*1O

A. Oscillafino

lhG~ 3.—Dhgrarmmff o 8kW2h Of the OPtf@l irdkator.
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ANALYSISOF VARIABLES

INJECTION ADVANCE ANGLE

ADVISORY COMMITTEE FOR AERONAUTICS

The signi.iicance of varying the injection advance
angle, in addition to the obvious effect of varying the
time intervrd between injection and ignition, may be
seen in figure 4 which shows the ratio of the absolute
values of the air pressure, density-,and temperature at
the ditferent points in the cycle to the initial values of
pressure, density, and temperature. Injecting the
fuel at dMerent injection advance angles subjected it
to different initial conditions and a clifbrent range of
pressure, vohune, and temperature.

1 , , ,

) / F
///

/,“/,‘a

Crm%itm7 degrees before fop cenfer

Fmum 4.—Effwt of CranMmft @tfon on ratfm 0[ frlst8nt8mms abo.luta VahJes

of ah temmtnrq density, and p~ to fxdtlal abmfnta vahm

JACEI?T AND AIR TEMPERATURE

Because of the special characteristics of the appa-
ratus as used in these tests, the temperature of the air
charge was lowered considerably by compressing and
decompressing the charge approximately 15 to 25
times (depending on the speed) before the introduction
of the fuel. This lowering of the temperature of the
air charge made it possible to ignite the mixture with
a spark before auto-ignition took place.

The exact temperature at the start of compression
was not known. Estimates made on the basis of the
vaporization twts (reference 2) indicate that the air
temperature at bottom center was considerably
below 0° F. More recent tests in which a scavenging
mechanism has been employed (referauee 4) have
shown that, without scavenging, it is necessary to
maintain the jacket of the cylinder and combustion
chamber at a temperature in excess of 300° F. in

order to obtain results similar to those obtained with
scavenging at a jacket temperdmre of 50° F.

There has been no direct deterrnirmtion.of the air
temperature within the combustion chamber at the
start of compression and it is only known thot this
temperature is much lower than the measured jacket
temperature and increases with the latter, although
probably not to the same extent. The temperature
variation causes another change in conditions, thot is,
rminveme variation of air density, so that the air-fuel
ratio decreases as the initial engine temperature
increases.

A system such as the one under consideration is
affected by temperature in several whys. The distri-
bution of the spray itself is influenced by increased
temperature. Lowering of the viscosity, which tends
to make smaller drops and more rapid spray disinte-
gration, is a direct result of increased temperature
(reference 5). The increased surface as the drops grow
smaller facilitates heat transfer, dispersion, and surface
reactions if such exist. .

Increased heat transfer and vaporization am a nat-
ural ocmsequenceof increased temperature, particularly
the vaporization of the higher boiling components thnt
ignite most easily. It is an established fact that, in
a given series of hydrocarbons, the ignition temperat-
ures decrease as the molecular weight increases. This
decrease is due to the fact that, with the greater com-
plexity of the molecule, less energy of activation is
required to break a bond with subsequent reaction,
Where the time interval is short and vaporization not
complete, raisiig the temperature not only furnishes o
greater quanti~ of vaporized fuel but also a more
reactive fuel containing a greater proportion of higher
boiling components.

The’ rate of chemical reaction is more rapid at high
temperatures. Even in those explosive reactions for
which temperature has apparently little effect, at
least the delay period or iggtion lag is short+med,the
reaction will start sooner and, being rmtoaccelerative
thereafter, the net result will be greater in the given
time.

The rate of thermnl decomposition b greater at
higher temperatures. The products of such decom-
position are more dii%cult to ignite (reference 6) than
the original substance. This effect is the only inhibi-
tory action due to high temperatures and, as will bo
seen from the test results, the other factors outweigh
it. The rate pf thermal decomposition has a tompwa-
tnre coefficient equiwdent to 1.3 for 10° C. for diesel
fuel and 1.5 for gasoline according to Boerlage and Van
Dyck (reference 7). From Frey’s work (reference 8)
the average rate increase for saturated hydrocarbons
is threefold per 25° C. at 550° C. and fivefold ~t 400°
0. As the temperature continued to be increased, the
imposition above n certnin tempemture would no
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longer change due to the vaporization process. Though
the increased rate of oxidation still overbalanced the
i[]creased rate of thermal decomposition (reference 9),
one would expect the net effect of temperature increase
at M@ temperatures to be lower.

The magnitude of the pressure rie~ varies inversely

( )with the initial temperature AP=~A T J h relation-

ship that may be easily derived from the gas equation
if certain wm.unptions are made (referenm 10). The
rate of preswre rise therefore vnriw inversely with the
initial temperature but directly with the rate of temper-
ature rise or rate of heat input. The rate of heat
input increases with increased temperature for it
depends on the rate of chemical reaction, whioh in-
creases with temperature. Obviously there must be
some initial temperature that will result in an optimum
rate of pre9surerise since two factors me operative, one
decreasing the rate of pressurerisewith increaaedinitial
temperature, the other increasing the rate of reaction,
thus increasing the rate of pressurerise with increasing
temperature. A qualitative treatment of the effect of
temperature on explosive reactions will be found in
reference 10.

OTHER VAFUABLl?9 .

With variation of engine speed, only the time ele-
ment vmied, the duration of a crankshaft degree at
670 r. p. m. being 2.7 times that at 1,550 r. p. m.
Them is little change in initial conditions for the same
injection advance angle at diilerent speeds.

Further experiments introduced other variables such
t-wthe spark-advance angle, which changed tbe con-
ditions &tthe time of ignition, and the position of he
spark, which gave some indication of the effect of
mixture distribution in the combustion chamber.
The method for comparing combustion in the dMorent
tests consisted of an examination of the flame photo-
graphs in conjunction with an analysis of the pressure-
time curves (indicator cards). In the analysis of the
latter, the kinetic rather than the thermodynamic
considerations were stressed, that is, by finding the
rate of pressure rise, the extent of the reaction as
indicated by maximum cylinder pressures and by
emphasizing the time element.

FUEIS
I

The tests were run with three different fuels: Diesel
fuel, hydrogenated safety fuel, and gasoline. The
properties of a fuel from which behavior can be pre-
dicted are the distillation curve, which is known quite
accurately (fig. 5), and the chemical nature, of which
there is a rather limited knowledge. The boiling ranges
of gasoline and diesel fuel were very wide; gasoline
starting at about 160° l?. and ending at about 420° F.
and the diesel fuel starting at about 370° F. and ending
abovo 690° F., the first 10 percent varying horn 370°
to 530° F. The hydrogenated safety fuel did not

vary so much, 75 percent of it distilling between 330°
and 375° F., and the entire range extending from 290°
to 395° F. Considered with reference to their vol-
atility, the fuels fall in the order: gasoline, safety fuel,
diesel fuel. As to thek chemical nature, it is known
that diesel fuel and gasoline are both of a very complex
nature, the former having the greater complexity as it
consists of components more likely to decompose and
yet more easily ignited. The hydrogenated safety
fuel has a lower hydrogen-carbon ratio and, by the
process of its production, must necessarily be more
homogeneous, less complm molecularly, and more
stable thermally than the other two fuels.

Fercenfoge distilled

Fmum S.-DhtfIlatIon ~ of fuels tmtd

TEST RESULTS

DIESEL FUEL

The effect of the injection advance angles on the
combustion of the diesel fuel at an engine speed of
1,550 r. p. m. and at three diflerent engine tempera-
tures is shown in iigu.res6 and 7. The flame pictures
shown at the top of tho charts have the same abscissa
as the indicator cards. At the left of figure 6 are
shown contact prints of the original indicator cards.
In some of the flame photographs the igniting spark
is recorded at the right-hand edge. At an engine
temperature of 200° F., combustion took place with
an injection lead of 10° over the igniting spark. With
a load of 20° the combustion improved but became
successively poorer as tho injection was further
advanced. Although in each case the photographic
record showed that the flame propagated through-
out, or nearly throughout, the visible portion of the
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chamber, the combustion was far from complete,
as evidenced by the low explosion and expansion
pres9ure9.

With an engine temperature of 300° F. (fig. 7),
the effect of the injection advance angle between
47° and 67° before top” centar became negligible.
This effect is alsc indicated at an engine speed of
570 r. p. m. (See iigg. 8 and 9.) At this speed
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combustion took place at an engine temperature of
150° F. (fig. 8), but the range of injection advance
angles was extremely limited. With an injection
advance angle of 55° the flame was recorded only
in the center of the chamber close tc the spark gap,

COMMI- FOR AERONAUTICS

but persisted for 40° or 50°. At an engine tem-
perature of 250° (fig. 9), the effect of injection ad-
vance angle decreased considerably but the change
in the intensi@ of the combustion could be noticed
audibly. The test corrwponding to record 570 was
marked by knock; whereas the others in figure 9
were not. The extreme shortness of the flame is
particularly noticeable. Record 57o also shows bright
flashes of flame acrosa the window. These bright
flashes were characteristic of tho explosion records
accompanied by explosion shock, regardlws of whether
combustion was caused by spark or by autc-ignition,

The effect of engine temperature on combustion is
demonstrated in figures 10 and 11. At an injection
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advance angle of 50° (fig. 11) the variation is con-
siderable, but at an injection advance angle of 40°
(@g. 10) it is much less. It was also found that an
increase in jacket temperature from 150° F. to 200°
F. effected more change than an increase from 260°
F. to 300° F. At the higher temperature the period
of inibmmation of the gasea was considerably shorter
and was accompanied in some casea by considerable
shock. In fact, with all the injection advance angles
used at a temperature of 250° F. and an engine speed
of 57o r. p. m., knock would at times occur, although
it was most prevalent with an injection advance
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angle of 40°, which was approximately the optimum
angle at all engine tamperatunw for this speed.

The results show that the rate of combustion was
controlled within fairly wide limits by the engine-
jacket temperature and the fuel-injection advance
angle. At an engine speed of 570 r. p. m. tie opti-
mum injection advance angle was 400 and at 1,550
r. p. m. the optimum value wss 50° to 60°.
These facts indicate that the rata of prep-
aration of the fuel for combustion is not
solely a function of time in crank degrees
but of time in seconds as well.

The effect of ignition by the spark on the
course of the combustion is shown in figure
12. Without the spark, the fuel autc-ignited
with a high rate of pressurerise, accompanied
by knock. With the spark, the fuel burned
at a more moderate speed.

Table I records the numbei of explosions
and misses obtained under each test condi-
tion investigated with diesel fuel. when
the reccrds showed that the combustion was
strong, check runs were generally not made.
When the combustion vm.sweak or when the
firing apparently was not regular, several
runs were made for each set of test condi-
tions. Tbe range of ignitability with respect
to the injection advance angle, the engine
temperature, and the engine speed can ensily
be seen. As the injection advance angle was
increased for any one tarnperature, the per-
centage of explosions did not show much
variation until the limit was approached and
the explosions either became too weak to
reccrd or did not occur at all, in which case
no indicatcr cards were taken and the data
are not lisbd in the tables. As the engine
temperature was increased the range of ignit-
ability increaaed until at the highest temper-
ature all the injections resulted in explosions
beyond a certain minimum injection advance
angle.

HYDROGENATED SAFJ51’YFUEL

The tests with the hydrogenated fuel,
although manifesting the same major va-
riations as the other fuels, exhibited these
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The effect of injection advance angle on combustion
at three diflerent engine temperature is illustrated in
figures 13, 14, and M. Figure 14 h one of the best
examples of this effect. Not only do the rates of
pressurerise vary in the detita order of 30°>400>500
but also, as the injection advance angle is increased,
the beginning of combustion is delayed, and the maxi-
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variations with greater regularity. ln no cases did
the hydrogenated fuel burn at a rate that resulted
in combustion shock. Auto-ignition was very rare
and, when it did occur, started late on the expansion
stroke. With this fuel, a high engine temperature
was required to operate Consistently with fulI-load
fuel quanti~.

mum cylind~ pressure developed is “lowered and
reached at a later point in the cycle. The indicator
cards show that, with this fuel quantity at about 60
percent of full load, combustion at the first two tem-
peratures was optimum for an injection advance angle
of 30°. At the highest temperature, 300° l?. (fig. 15),
combustion was optimum with an injection advance
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angle between 30° and 40° and persisted over a greater
range of injection advance angles. The rates of
pre.wurerise did not appear to be excessive nor did the
cmnbustions sound harsh.

In general, it was found that the pressurerise and the
rate of pressure rise varied less with changes in injec-

COMM!TM’ED FOR AERONAmIcs

Table II summmizeB the results of the effeot of
temperature and injection advance angle on ignitability
with the spark gap in the center and at the edge of the
~ombustiionchamber. (See fig. 16.)

At the highest temperature (300° F.) the range of
ignition with the spark at the edgo compares favorably

4
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tem~tmro of ’23@ F.

Er@na SMSCL ------------------------------------------ m ‘- p. m
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tion advance rmgleand temperature in the combustion
of safety fuel th-m with diw-elfuel. Little change was
caused by an increase of temperature horn 250° F. to
300° F., consistent with the tendency already noted
of a decreased effect of temperature at hisghertempera-
tures.

1200

with that for the spark at the center of the combustion
chamber. Flame records 1057 and 1060 (fig. 16) show
vibrations that had a frequency of approximately
10,000 per second. Although these vibrations started
while the explosion pressure was still increasing, they
continued for some time after maximum pressure was
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rABLE I.—EFFECTOFENGINETEMPERATIJREAND
INJECTION ADVANCE ANGLE ON IGNITI131LITY
OF DIESELFUEL

[fkmk-plw 93P atranterof mmbostfon obodw]

‘1‘“””~FUEL QUANTITY PER IN;E~T;OF$ ~fW4 LB. ENGINE 8PEED,

L
m &&’---- : 1 2 -... . ..- ---- .-.. ---- ---- --.---

---------- : : : 7 ---- .-.. ---- ---- ---- ---- ------

U-2 &~------ : 1 ---- ..-. ---- ---- ---- . . . . ------
---------- 7 i i 4 ---- --- ---- ---- ---- -7-- ------

2 ---- ---- ---- . . ..-.m g~~y::: ; ; : : ; ; : 2 . ..- --- . ..- --.-.-

ZYl 1r@lon8---- ~ 1 2 a a 2 1 ---- 0 ..-. 1 --...-
--------- 0 6 1 0 : 0 ---- 1 -... 0 ------

am Mone----- 0 1 2 0 1 1 ---- 1 . ..- 1 . -----
-------. 1 0 0 1 0 0 0 .-.. 0 ---- 0 ------

FUEL QUANTITY PER INJ~C;I~N,(#rZO LB. ENC+R4E t3PEED,
. . I

4 0 0 0 0 ---- 0 .-.. 0
0 .5 4 4 6 ---- 4 _- 4
2 ---- ---- . ..- ---- . ..- ---- . . . . ------ ‘
; . ..- ---- ---- ---- ---- ---- --- -----

1 . ..- -–- ..-. 1 ------
0 j : 0 -.i. --i- ___ 0 ------

1 .-.. ------
t 0 : : 0 0 0 ---- ------
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TABLE H.—EFFECT OF TEMPERATlJRJ3AND IN-
JECTION ADVANCE ANGLE ON IGNT.TIBUJTYOF
HYDROGENATEDSAFETY FUEL
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WI &~---—- : ; : : ; ;.-. .-. —.. . . 0 8 1 1

reached. %me the frequency of thcae waves was very
close to that of the indicator diaphragm, the results of
the vibrations were shown on the indicator record as a
broadening of the expansion line. It can be concluded
from these records that the occurrence of these wrwea
is not necessarily accompanied by knock. (Sm rho
references 11 and 12.)

GM301JNE

The remdts of the tests with gasoline at an engino
speed of l,s50 r. p. m. are presented in table ILI. The
table shows that for eve~ engine temperature there
was quite a range of injection advance angles at
which some of the injections of fuel would ignite.
Cards showing the greatest combustion efficiency were
obtained with the 70° and 80° injection advance
angles, decreasing as the injection ‘ advance angle
incrwsed beyond this optimum range.

The results of the test made at 570 r. p. m. me listed
in table IV.

In general, for a constant injection advance angle
combustion improved with rising temperature, but
it was only for the earlierinjection advance angles that
the effect was ccmiderable. At 1,650 r. p. m. a differ-

TABLE111-EFFECXrOFENGINETEMPERATUR~&NoDL+~EOTION ADVANCEANGLEONIGNITABILITYOF
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TABLE V.—EFFECT OF ENGINE TEMPERATURE
AND INJECTION ADVANCE ANGLE ON THE
IGNITABILITY OF GASOLINE
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ence of 10° in the injection advance angle usually had
a slightly greater effect than a 50° F. ch~me in jacket
tempamture.

It was thought that the failure to fire with very early
injection might be due to the fuel penetrating to the
bottom of the combustion chamber before the occur-
rence of the igniting spark, which would leave little
fuel in the top of the chamber near the spark plug. A
spark plug was so constructed, therefore, that the gap
wcs about onc%xteenth inch from the piston crown
position at top center. Tests were made with 0.00~37
pound of fuel per cycle at engine temperatures from
150° to 300° F. and with injection advance ankles
from 30° to 170° before top center. The rcmdts are
given in table V.

/

A.ZC. 92 24

983 / T

—

984

8 7-..
e, crm’ksh tit de grees

FIOUEE 13.—Effed of fn- advance angle on mmbostfon of safety fnef at engfne

tam~tmre of lW F.

Engfne @ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 670 r. p. m.

Fuel qmH@------------------------------------------------- 0.WU22 lb.

S~k advance u@~.--. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W.

Injmtfon advanm m--------------------------------------- u53+P, s%-@.
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An examin ation of the indicator cards showed that
the burning was efficient but, in some cases, slightly
slower than with the spark in the center of the cham-
ber. In a comparison ~f tables I?/ and V, it is seen
that the spark ignitions at the optimum injection ad-
vance an@e of 40° were more regular than those with
the spark at the center of the chamber. The results

In previous tables, all auto-ignitions (compression
iggtions) have been listed as m.kaesbut in table V the
auto-ignitions havo been listed separately. The meth-
od of distinguishing the ignitions is shown in figure 17.
For flame records 409 and 412 no flame was recorded
between the igniting spark and the first appearance of
the flame and the flame does not sho’w any definito

A. T. C.

Iozf

t

16 B.XC.

1200

1000

800<

‘%

k
600+

&

~

4oo&

200

0
Time, criwksbaff degrees

FIGWM 14.—Effec4 of fnjedon advmrm angle on combustion of safety fnel at engioe
tam~ture of w F.

E@e~------------------------------------ 570 r. p. m.

Fuel ~tim ------------------------------------- 0.Wr20 lb.

SWk advance ink-------------------------- ‘W.

III*LI advanw me---------------------------- I021+P, I_, 1OZ-KP.

indicate that, although the distribution of the fuel is a

factor in controlling whether or not the spark ignitQs
the mixture, it is not the only factor. Until further
work has been done, therefore, the possibility that
chemical cha~ces in the fuel is a determining factor,
must not be fo~otten.

Droaession across the chamber. The burning in each
.“

case was accompanied by severe combustion shock.
In flame records 410 and 411 a definite progression of
the flame took place and the pressure in the coxn-
bustion chamber started to increase shortly after the
spark had ignited the mixture. In tables I and II
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flamo records similar to 409 and 412 have been classi-
fied as compression ignitions and listed as misses. All
flame records such as 410 and 411 have been olassiiied
as spark ignitions and listed in these tables as explo-
sions. very little doubt can exist ss to the accuracy
of so cksifybg the latter type of flame record. In
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of the mixture in the clmrnber suddenly burst into
flame, giving an appearance similar to those in flame
records 409 and 412.

In all tests where knock occurred, as evidenced by
an audible shock, the indicator card showed ~ cm-
tinufdly increasing rate of pressure ri9euntiI maximum

ATC 32 24 [6
i%me, crank;hoff degre~~

8 [619Tc

Fmwaz 15.—Effect of fnpctlmr advance angle on combui.fon of safety fuel at engfne

temmtare of w F.
En@ie s~ . . . ..--. .--. -..-. . . . . . . . . . . . . . s?0 r. p.m.
W qmti~ -----------------------------O.@XI!Z)lb.
Spark adva.rm angle______________ W.

Injectlen advance angle____________ 1@15+aP, KW3+O=, lots-ffPr IOW.W.

regard to the compression iggtions, the classification
is not so certain. Recent tests conducted by Duch6ne
(reference 13) have disclosed a similar condition. In
his photographic records, however, a definite persist-
ence of flame around the igniting spark existed during
an “ignition lag” similar i% those recorded in the
presrnt work. After this local b-~, the remainder

1200

1000

200

0

pressure was reached, followed by n sudden arrest of
effective burning and a comparatively rapid decrease
of the pressure caused by cooling and leakage losses.
(see fig. 10, record 570.) In the records for which
there was no shock, the rate of pressure rise at fit
increased and then decreased, resulting in a well-
rounded cmd at the maximum pressure. ~n20r30f
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the records for gasoline with very early injection, the
characteristic knock card for conventional spark igni-
tion was obtained, the rate of pressurerise iirst increas-
ing, then decreas~~, and just before maximum pressure
was reached, suddenly increasing again. The maxi-

DISCUSSION

In all this work it haa been found that the rote of
pressure rise increases with an increase in jacket tem-
perature, indicating that the increased rate of the

(

1200

1000

/056

/ / \ \ 800,$

.%c. 3Z 24. 16 8 T. C. 8
7ime, cronkshm? degrees

FmuEE I&—Effect of ixrjmtbn advnnce angle on combustion of .mfety fuel wfth

ignition spark in dde of oharnlx and at engine temp3mture of W F.

E@ne ~-------------------------- 670 r. p. m.

Fuel qmtiW ------------------------- O.KSX@ lb.

SEE advance WE—..----------------- W.

In@tforr advance angle--------- lW-4W, 10s7+3=’, 1W+30=, Iml-w.

mum rate of pressure rise in the lmocki.w records ms

not very much gnmter than that with some of the non-
knocking records, so that the shock of the combustion
cannot be attributed solely to the maximum rate of
pressure rise.

Ioxidation reaction overbalances all
ciea. The fact that the net effect

-

opposing tenden-

of an h-crease of
50° l?. at the higher temperatures is much lower than
for a similar change at the lower temperatures proves,
however, that a condition is approached where the
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increaaed rate of heat input no longer compensates for
the inverse variation of rate of pressure rise with
initial temper@ure and the increased rate of thermal
decomposition.

The consistent variation of combustion with injec-
tion advance angle i5 the most persistent of all the
varirdions. With very short time intervals between
injection and ignition, the failure to ignite or the small
extent of combustion is due to the lean mixture caused
by insuihcient vaporization and diffusion. In more
general terms, the time interred is insuilicient for the
he~t transfer necessary for the activation of the fuel,
regardless of what this process may consist. There
may be several causes for the fact that mtium com-
bustion rLppearsat, or soon after, the beginning of the
range of ignitability, after which the combustion de-
creases with increasing injection advance angle and
often stops altogether at a definite injection advance
rmgle.

The difference in density for 10° differences in crank
angle as well as the effect on spray distribution result-
ing therefrom is insufficient to cause the large difler-
enco in combustion, but it may be a contributing
came. Another reason for regarding this cause as
insufficient lies in the fact that the greatest variation
with injection advance angle is in the region where the
air density changes least. Furthermore, experiments
indicate that injection of the fuel at an advance angle
of 80° and ignition at 60° before top center give results
as satisfactory as those with injection at 40° and spark
at 20°. The results indicate that the effect of initial
conditions is not the determiningg factor.

Another possible explanation lies in the chemical
composition of the vapor which must of necessity vary
wi~ the time and also with the pressure and tempera-
ture of the air during the time interval between the
injection of the fuel and its ignition. Although this
explanation would fit the data obtained, there has been
no direct experimental substantiation such as might
be afforded by the use of a gas—mmpli.ngvalve.

Safety fuel has a comparatively constant boiling
range and would therefore never be ailected much by
the changing temperature factor but only by the
lengthened time with increasing injection advance
angle. This fuel is consistent in not showing any
marked effect with increased initial temperature.

Yet another possible cause exists for the limits of
ignition at definite injection advance angles: The
temperature and pressure required for ignition are a
function of ignition lag. As Dixon has found (refer-
ence 14), these necessary conditions for ignition are
dependent upon time lag alone and not upon any
chemical change in the system previous to ignition.
To draw an analogy is quite impossible because of the
vast difference between the homogeneous systems
Dkon investigated and the heterogeneous systems of
the present investigation. No dak are available on
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the magnitude and direction of this variation for the
conditions and fuels employed in the present investi-
gation.

Some of the varhtions in the behavior of the fuels
can be explained on the basis of their properties. The
effect on combustion of varying the injection advance
angle is greatest for diesel fuel, less for safety fuel, and

A.1
Time, crankshfl degrees

FIWJEE 17.—Eff@ of Injwtion advanca angle on wmbmtkm of gasolina at anglne

tampmatnre of W F.

FJ@a --------------------------- 673 r. P. m.
Fuel qmtim---------------------------- 0.KCQ4 lb.

S-k advama angle------------ W.

InJ@ion advance angle--------------- 4w-!W, 410-4W, 411-s3”, 412+3”.

least for gasoline, an order exactly opposite to the
order of volatili@. The small variation for gasoline is
probably due to the fact that its decomposition prod-
ucts have ignition proper& more similar to the
original vapors. As Tausz and Schulte found (refer-
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ence 15), the decomposition products of all fuels show
little variation with respect to ignition temperature
although the original fuels vary inversely at their
boiling points if they are of the same chemical type.
It follows that a fuel with a high boiling point will vary
more with the products of its decomposition in regard
to its ignition qualities than one with a low boiling
point. Thus diesel fuel should display a greater
variation with increased decomposition (that is, with
increased injection advance angle) than gasoline since
both are predominantly aliphatic and the former has a
much higher boiling range (fig. 4). The diesel fuel
should hrme a greater variation than gasoline or safety
fuel not only because its boiling range is highest but
because it is the least stable thermally. The rate
constant of decomposition at 575° C. has been found
by Frey (reference 8) to increase ftom 0.0002 second-’
for ethane to 0.08 second-l for gas oil.

The maximum cylinder pressures developed and the
rates of pressurerise usually vary in the same order but
not ti the same extent. Thus, the rate of pressure
rise is higher for gasoline at low temperatures but
almost the same as for the other two fuels at the
higher temperatures. At 1,550 r. p. m. a rather com-
plex relationship exists. At temperatures through
200” F., the rates of pressure rise are in the order of
gasoline, diesel fuel, and safety fuel, although safety
fuel has the highest maximum cylinder pressures. It
is assumed that the temperature of 2000 F. is too low
to vaporize and burn the diesel fuel completely, and
above 200° F. it is found that gasoline and diesel fuel
have approximately the same rates of pressure rise
with the diesel fuel developing the higher pressures.
Safety fuel reacts more slowly and not tc the same
extent. As has been stated previously, the difference
in rates of pressure rise between safety fuel and the
other fuels is grem%r than the difference in the pres-
sures.

Table VI presents a summary of the rangw of
combustibility for the 3 fuels at the 2 engine speeds
and at diflerent temperatures. Only those injection
advance angles are included for which over 50 percent
of the injections resulted in spark ignition. It is ob-
vious from thi table that temperature has practically
no effect on the range of combustibility of gasoline, a
small effect on that of safety fuel, and a very great
effect on that of diesel fuel. Although a high tempera-
ture is apparently reqtied to cause the diesel fuel to
react, once this high temperature is reached, the fuel
will ignite over a much wider range. The results indi-
cate that vaporization does not become effective in
controlling the combustion except at temperatures
much below those in the combustion chamber of a com-
pre9sion-ignition engine at the time of fuel iujegtion.

If the combustibility ranges for the difhrent fuels at
an engine speed of 1,550 r. p. m. and a temperature of
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200° F. are compared, it is evident that diesel fuel
requires a minimum interval of 10° crank angle be-
tween injection and ignition, hydrogenated safety fuel
30°, and gasoline 40°. This order is the reveme of
what would be expected if ignition varied with vola-
tility. The only plausible explanation of this phe-
nomenon is that diesel fuel requires the least energy of
activation of the three fuels; that is, i the temperutum
is sufficiently high, the unstable highly active compo-
nents, even if only a small nmchmtis vaporized, require
relatively little energy to start the reaction. Safety
fuel, on the other hand, needs more time although it is
vaporized to a grmd.erextent and requires much more
energy of activation, as further evidenced by the fact
that this fuel would rarely auto-ignite (and later in the
stroke in any case) when it did not ignite from the
spark. For gasoline, the longest time interval is
necessaxy and, as previously mentioned, the time
interval is the same as that at the low speed. Never-

TABLE VI.-RANGE OF INJECTION ADVANCE
ANGLES RESULTING .IN SPARE IGNITION

Wrdnea@mn In sank d-]
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I Dafa for gnwlfne at 570 r. p. m. are not dhwdly .mrn@le with the othar dnto
Mcms.e of the fncmased fuel qrmntfty used; i. e., 0.U037 pound Inatmd of the O.UXGO
rxmndusaifn other tesb. -

2 Campresskm and spark ignftfon OVOImtho ranm

theles, at low temperature, although diesel fuel will
ignite sooner, it is the gasoline thnt gives the grenter
mw&mm cylinder pressures, showing definitely thwt
the diesel fuel is not vaporized to as great an extent
as the gasoline. At the higher speed (1,660 r. p, m.)
the safety and diesel fuels would not fireregularly until
a jacket temperature of 200° F. was used, furnishing
further evidence of the necessity of vaporizing a suE-
cient quantity of fuel to insure ignition. From these
results, the somewhat paradoxical conclusion is arrived
at that if a temperature is assumed at which all tho
fuels will ignite, gasoline, the most volatile, will be the
most diflicult to ignite; that is, it will require the most
time to form a combustible mixture.

It has Often been stated that the volatili~ of a fuel
is no criterion of its suitability for use in an engine.
The results of the present teats go one step further.
They show that for the same fuel within certain limits
the extent of vaporization is not the determiningg fllc-
tcr, once a cmtain minimum temperature is reached,
since combustion decreased with the increased time
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allowed for vaporization. This fact, howerer, does
not lead to the conclusion that the fuel is not vaporized,
or only negligibly vaporized, and that vaporization is
not essential for ignition. On the contrary, there is
reason to believe from previous experimental work
(reference 2) that vaporization occurs very rapidly, a
conclusion not inconsistent with the results found in
the present twts..

If complete vaporization is assumed, as in the case
of gasoline, the decreasing combustion with increasing
injection advance angle can be explained by increaaed
thermal decomposition of the vapor with increased
time. If it is assumed that partial vaporization occurs,
which is more likely for the diesel and safety fuels,
not only does the increased thermal decomposition
play a part but the varktion in vapor composition
and the lowered fuel atomization as well. .With refer-
ence to thermal decomposition, no attempt is made to
specify any exact mechanism of reaction but rather
some type of reaction that produces molecules of a
decidedly less active nature than those originally
present.

CONCLUSIONS

Because of the special test conditions the present
results are not directly applicable to conventional
internal-combustion engines. The resplts, however,
do lead ta two importut conclusions:

1. The characteristics of the combustion of a liquid
fuel are detmnined primarily by its history from the
time of injection up to the instant of ignition. Apart
from the mode of injection, the factors controlling the
coume of the combustion therefore, are: (1) the time
intervrdbetween injection into the combustion chamber
and the ignition, (2) the temperature and pressure of
the air and fuel mixture during this interval. If the
rnkture of the fuel and air is heterogeneous, the
shorter the time interval (above a certain minimum)
the better the combustion. As the temperature of the
air is increased this effect of time is decreased.

2. Volatility of the fuel affects the rate of combustion
only at temperatures considerably below those experi-
enced in the conventional compression-ignition engine.
At the higher temperatures it is the chemical character-
istics of the fuel that exert the most influence. The
less stable the fuel chemically, the more it is influenced
by changes in the engine-operating conditions.

LANGLEY MEMORIAL AERONAUTICAL LABOFCATORY,

NATIONAL ADVISORY CO~ITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA., L7epkmlwr 11,1934.
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